Introduction
It is well-known that hole injection at electrode/organic semiconductor interface can be enhanced by introducing an interfacial layer such as PEDOT:PSS [1] , CuPc [2] and MoO 3 [3] . These interfacial injection layers can provide stepwise energy levels for the hole transportation to reduce the injection barrier. On the other hand, some aligned dipoles fixed vertically at the interface such as self-assembled monolayers are reported to change the injection barrier. Here we report that gold nanoparticles stabilized by a hyper-branched polystyrene (HPS) [4] performs good ability to enhance the hole injection efficiency in a hole-only device and enable driving OLED at lower voltage.
Experiment
The constructions of the hole-only device and the organic light-emitting device are schematized in Fig.1 . The ITO substrate was washed in acetone, detergent, distilled water, acetone, ethanol for 5min, 10min, 15 min, respectively, and then in boiled ethanol for 5min before being exposed under UV-ozone for 20min. The synthesis of HPS-stabilized Au noanoparticle (HPS-Au) has already been reported [4] . Fig.2 shows the molecular structure of HPS. In this system, the Au nanoparticles can be dispersed well to avoiding the aggregation of Au, and the diameter of Au is less than 5nm.
The HPS-Au with Au concentration of 4.5wt% (against HPS) dissolved in o-dichlorobenzene to form 0.3wt% solution was spin coated on ITO surface at 3000rpm. After being annealed at 150 ℃ for 0.5h in atmospheric environment, the device was exposed under mercury lamp for 30min, then rinsed in solution for 30min followed by UV-ozone treatment for 5min.
The NPB, Alq3, LiF and Al were evaporated sequentially under the pressure of 4×10 -4 pa. The device without Au nanoparticles was also prepared to research the effect of Au nanoparticles on devices. Fig. 3 shows the current density-voltage performance of the hole-only devices with and without HPS-Au. The hole current in device 1 is almost 3 orders of magnitude higher than that in device 2. This result demonstrates that the HPS Au introduced between ITO surface and NPB can act as an injection layer to enhance the hole injecting efficiency.
Results and Discussion
The possible enhancement mechanism for hole injection is schematized in Fig.4 . The HPS-Au has been used for organic resistive memory element [4] . The Au nanoparticles have been observed electrophoretic movement in the polymer matrix by applied bias, indicating that they are carrying negative charge. When the HPS-Au is fixed on the ITO anode, duo to electrostatic attraction, the image charges accumulate at the ITO surface to form electric bilayer reducing the hole injection barrier. The HPS-Au is also utilized to modify the conventional OLED of ITO/NPB (60nm)/Alq3 (70nm)/LiF (0.5nm)/Al (60nm) illustrated in Fig. 1(b) . The performance of luminance is also enhanced by Au nanoparticles, which is shown in Fig.6 . At the voltage of 8V, the luminance of device 3 and device 4 are 6468cd/m 2 and 791cd/m 2 , respectively. This enhancement in luminance implies that the hole injection and also electron injection are improved.
The holes injected from the anode might accumulate at the interface between NPB and Alq3 to form the electric field supporting the electron injection from cathode. The There are some reports that gold nanoparticles can enhance the luminance in OLED by utilizing their unique optical properties such as surface plasmon resonance. In those cases larger nanoparticles are incorporated as dopant [5] in organic layer or intermediate layer [6] [7]. In our case, nanoparticle is significantly smaller than the size where the surface plasmon enhancement can be expected and the much less dense at the surface.
Conclusion
In summary, according to the result of hole only device, the HPS-Au as an interfacial layer can act as an hole injection layer. When introducing it in OLED, the current density is enhanced obviously, which means the hole injection efficiency is indeed improved. Moreover, the hole injection enhancement increases electron injection efficiency. So the luminance enhancement happens via adopting the HPS-Au. 
